Organic-inorganic perovskites have demonstrated outstanding optoelectronic properties such as high absorption coefficients, 1 long charge-carrier diffusion lengths, 2,3 and, in particular, an excellent defect tolerance due to high formation energies of deep defects acting as Shockley-Read-Hall recombination centers. 4, 5 Because of these characteristics, they are ideal candidates for a broad spectrum of applications ranging from thin-film photovoltaics 6, 7 to lightemitting devices 8 including perovskite lasers. 9, 10 Starting from methylammonium lead iodide (MAPbI 3 ) as a basic working platform, different material engineering approaches have led to numerous improved compounds containing formamidinium, bromide, and chloride. [11] [12] [13] One of the most influential improvements was the incorporation of cesium into the perovskite crystal structure resulting in an enhanced compositional stability. 14 Moreover, by this approach, the power-conversion efficiency of perovskite solar cells could be further increased to 21.1%, 14 paving the way towards the world record of 23.7% today. 15 In this contribution, we study the role of excitons and the exciton binding energy EB as well as crystal phase transitions in these multiple-cation lead mixed-halide perovskites (Cs,FA,MA)Pb(I,Br) 3 . The formation of excitons can potentially hamper charge separation in solar cells and, therefore, the exciton binding energy is an important indicator in photovoltaics. The occurrence or suppression of phase transitions is crucial also for many other applications in order to maintain a stable performance, e.g., of the solar cell or laser. Since phase-transition related changes of the crystal structure also affect the electronic structure and, thereby, e.g., the bandgap energy Eg, they can be detected using optical spectroscopy.
In this context, absorption spectroscopy is a straightforward measurement technique, and the evaluation by Elliott fits offers the possibility to determine both the exciton binding energy EB and the bandgap energy Eg. 16, 17 However, a careful investigation of the interplay of EB and Eg is essential for reliable results. Consequently, we present a comprehensive Elliott analysis of absorption spectra of (Cs,FA,MA)Pb(I,Br) 3 perovskites to underline their beneficial properties in terms of excitonic effects and suppressed phase transitions.
For our detailed studies, we obtained standard absorption spectra of ∼350-450 nm-thick perovskite thin-films on glass from room temperature down to 5 K. Samples were mounted in a liquid helium bath cryostat and illuminated with a halogen lamp. Absorption spectra were obtained using a 0.275 m focal-length monochromator with a 150 lines/mm or 300 lines/mm grating and detected by a charge-coupled device (CCD) camera.
For the evaluation of the measured spectra, we utilized a generalized version of the well-known Elliott formula including spectral broadening Γ of the optical transitions and band nonparabolicity b 16, 17 
Sum of discrete excitonic peaks
Continuum contribution including Sommerfeld enhancement
where Eg denotes the bandgap and EB the exciton binding energy.
The term
̵ h 4 (with the reduced electron-hole mass µ) accounts for non-parabolicity in the joint dispersion of valence and conduction band described by
− bk 4 . For b = 0, the case of perfectly parabolic dispersion is retrieved. The convolution with a bell-shaped function (here a hyperbolic secant function) with width Γ takes spectral linewidth broadening into account. The first contribution in Eq. (1) consists of a series of excitonic resonances with discrete energy levels E B j = Eg − E B j 2 analogous to the energy levels of the hydrogen atom. The latter summand describes continuum states and accounts for the correlation of electrons and holes due to the Coulomb interaction. This contribution can significantly increase the absorption compared to vanishing excitonic effects and is also known as Sommerfeld enhancement. 18 Figure 1 shows exemplary spectra with Elliott fits (red curve) composed of the sum of discrete excitonic peaks (blue curve) and continuum states (green curve) at T = 20 K for methylammonium lead bromide (MAPbBr 3 3 (Cs0.10). As clearly visible from these spectra [and Eq. (1)], the Elliott fit is based on the interplay of the excition binding energy EB and the bandgap energy Eg since the energy of the excitonic peak is below Eg by EB. Therefore, a reliable determination of the bandgap energy Eg also requires an understanding of EB, since excitonic effects play a significant role for the interpretation of the absorption spectra even at room temperature [illustrated in Fig. 2(b) Fig. 1 ). For MAPbI 3 , the phase transition is visible around T = 160 K. Cs0.05 and Cs0.10 exhibit smaller values for E B even compared to MAPbI 3 . However, the accuracy of these values might be compromised at higher temperatures. (b) Normalized absorption spectra shifted by the energy position Ex of the excitonic peak. The spectra are integrated over the whole depicted energy range to determine E B by using the "absorption f-sum rule". Inset: Integrated normalized absorbance Iexp, which is essentially constant, as expected from theory (open circles denote values determined from spectra for which Ex was linearly extrapolated). By "inverting" I(EB), the exciton binding energy can be determined.
In order to study the exciton binding energy in these multiplecation mixed-halide perovskites in detail, we extracted the values for EB from Elliott fits to the measured absorption spectra. (We estimate the accuracy of EB to be around 5 meV.) The results are summarized in Fig. 2 (a) (corresponding to spectra as in Fig. 1 ). As previously reported, e.g., by Sestu et al., 19 we can confirm a slightly smaller exciton binding energy for the high-temperature tetragonal phase compared to the low-temperature orthorhombic phase for MAPbI 3 as well as a much larger EB for MAPbBr 3 . Compared to their values of 34 meV and 29 meV for the orthorhombic and tetragonal phase, respectively, in MAPbI 3 and 60 meV for MAPbBr 3 , we found smaller values of EB = 22-29 meV for MAPbI 3 (black squares) and EB = 35-42 meV for MAPbBr 3 (green diamonds), respectively.
Especially for MAPbI 3 , our values are comparable to other reports using similar optical spectroscopy, e.g., by Saba et al. (25 meV) 17 or Sestu et al. 19 Still, also lower results around 10 meV or below for EB have been determined by other techniques such as magnetoabsorption spectroscopy. 20, 21 However, even for values in the order of thermal energies at room temperature, calculations of the ratio between free charges and excitons by D'Innocenzo et al. 22 and Saba et al. 17 show that efficient charge collection is possible under photovoltaic-relevant illumination intensities at room temperature.
More importantly, we clearly observe an overall trend to even lower exciton binding energies for the Cs-containing perovskite compounds ranging from EB = 16-21 meV for Cs0.05 (red circles) and EB = 14-26 meV for Cs0.10 (blue triangles), respectively, compared to those for pure MAPbI 3 and MAPbBr 3 . The incorporation of FA might lead to slightly lower values for EB as has been reported for pure FAPbI 3 compared to MAPbI 3 , e.g., by magnetoabsorption measurements (14 meV compared to 16 meV at cryogenic temperatures and 10 meV compared to 12 meV at around 160 K). 21 On the other hand, we found increased values of 26-31 meV for MAPb(I 0.75 Br 0.25 ) 3 compared to MAPbI 3 .
In any case, the reduced exciton binding energies of Cscontaining mixed perovskites emphasizes their beneficial properties for photovoltaics due to the even higher ratio of free charge carriers and, thus, more efficient charge separation and collection.
However, as the discrete excitonic peak cannot be reliably resolved for increasing temperatures due to increasing linewidth broadening Γ [illustrated in Fig. 2(b) for Cs0.05, green to red curves], the accuracy of the determination of EB at higher temperatures is compromised. In principle, this also holds for the bandgap energy Eg but it is much less critical because Eg is much larger than EB leading to only minor deviations. Since the interplay of Γ and EB determines how pronounced the discrete excitonic peak shows up in the spectrum, this issue gets more critical for compounds with smaller exciton binding energies EB which could explain the rather unstable values of Cs0.05 and Cs0. 10 .
In order to account for this effect, Sestu et al. developed a socalled "absorption f-sum rule" to facilitate a more precise determination of EB especially in the case of small EB and high Γ. 19 It is based on the fact that the oscillator strength of an optical transition (as well as the slope of the continuum contribution) is unaffected by the spectral broadening Γ. Therefore, the integrated normalized absorption I of the excitonic peak (and a certain part of the continuum) becomes a function which only depends on EB and the non-parabolicity factor
̵ h 4 is expected to stay approximately constant and can be determined at lower temperatures, the integrated normalized absorption I can be used as a measure for the exciton binding energy. In fact, the sensitivity of the method is influenced by the choice of the integration limits because it determines the ratio of the discrete and continuum contribution which shows a different dependency on EB. A detailed and illustrated discussion of the theoretical background and practical application of this method can be found in Ref. 19 . Figure 2(b) shows the absorption spectra of Cs0.05 for T = 5-280 K (green to red curves) which were shifted by the energy position of the excitonic peak Ex. (For the spectra T = 210 K and above, Ex could not be determined precisely and was extrapolated linearly.) The spectra were integrated over the whole depicted energy range from −0.15 eV up to En = 0.25 eV. En also serves as ARTICLE scitation.org/journal/apm normalization energy of the absorption. The resulting integrated normalized absorption I is depicted in the inset of Fig. 2(b) and remains nearly constant as expected from theory. By normalization and numerical integration from −0.15 eV to 0.25 eV of Eq. (1) (for a known non-parabolicity factor
̵ h 4 to be above 150 K. For Cs0.05, this "inversion" of I(EB) yields an exciton binding energy EB = 24 meV, where we estimate the accuracy of the obtained values to be in the range of 5 meV. Table I summarizes the obtained exciton binding energies EB for the different investigated compounds. The first two rows show the values which are directly taken from Fig. 2(a) , whereas the last row presents the results obtained by the f-sum rule for temperatures above 150 K. The values of the f-sum method and the direct fitting of the Elliott formula match quite well with mainly slightly higher EB for the f-sum determination, e.g., for MAPbI 3 and MAPbBr 3 . However, especially for the low-EB Cs compounds, the f-sum method can be expected to yield more reliable results. From this evaluation, we can state that the exciton binding energy EB of Cs0.05 and Cs0.10 is even lower than for pure MAPbI 3 also for temperatures approaching room temperature. This emphasizes the excellent suitability of multiple-cation mixed-halide perovskites for photovoltaics since smaller exciton binding energies are beneficial for the charge separation and, therefore, the charge extraction in the device, as discussed above.
Since the exciton binding energies EB are only weakly dependent on temperature (as determined by Elliott fits and f-sum rule method), we can analyze the bandgap Eg for temperatures from T = 5 K up to room temperature which were extracted from the Elliott fits (see Fig. 1 ). The results are depicted in Figs. 3(a) and 3(b) together with phase transition temperatures for methylammonium lead bromide and iodide from the report of Poglitsch and Weber. 25 For MAPbI 3 [black squares, Fig. 3(b) ], we observed the well-known distinct jump in bandgap energy Eg of about 100 meV at the phase transition from the low-temperature orthorhombic to the tetragonal phase around Tp = 162 K. 22, 26 However, the exact temperature for the bandgap jump can be shifted towards higher or lower values depending on the measurement direction. This "temperature hysteresis" effect is caused by the spatially non-uniform process where some domains still maintain their crystal phase even beyond the phase transition temperature. 27
FIG. 3. Bandgap energies
Eg of different perovskite thin films determined from generalized Elliott fits to absorption spectra from T = 5 K up to room temperature (corresponding to the results in Fig. 2 ). (a) For MAPbBr 3 , the phase transition from the low-temperature orthorhombic phase to the tetragonal phase is visible as a kink in the bandgap energy. (b) MAPbI 3 (black squares) exhibits clearly the wellknown phase-transition related jump of around 100 meV in bandgap energy. Both Cs-containing perovskite compounds (red circles and blue triangles) do not show any phase-transition related features.
For MAPbBr 3 , we found that the orthorhombic to tetragonal phase transition is visible in the absorption data as well, not as a clear jump, but rather as a small kink [ Fig. 3(a) ]. Interestingly, Dar et al. did not observe such a phase-transition related feature in their photoluminescence measurements for MAPbBr 3 , but for formamidinium lead bromide instead. 28 The kink might be caused by the co-existence of MA-ordered and MA-disordered domains with different bandgap energies as proposed by theoretical calculations. 28 Building on these reference measurements for pure MAPbI 3 and MAPbBr 3 , we looked for similar features for the Cs0.05 and Cs0.10 compounds. Mainly due to the higher content of Cs and bromide, the Cs0.10 perovskite exhibits an overall higher bandgap energy. 11, 29 However, the temperature-dependent bandgap energy of both compounds does not show any phase-transition related jumps or kinks as in the pure MAPbI 3 In order to further support these conclusions, we performed temperature-dependent electroreflectance (ER) spectroscopy measurements for the determination of the optical transition energies. 30, 31 In comparison to the presented analysis of absorption spectra, ER spectroscopy provides a very sensitive and robust experimental technique mainly independent of many setup parameters and further theoretical assumptions. 23, 24, 31 Furthermore, it can be non-destructively applied to complete and non-transparent solar cells in order to probe the absorber in the real device with additional charge-extraction layers and metal back contact. [32] [33] [34] [35] Since this technique belongs to the group of modulation spectroscopy, the fundamental principle is to measure the response of the absorber to an external modulation. In the case of ER spectroscopy, this is realized by applying an AC bias to periodically modulate the electric field in the absorber layer which, in turn, modulates the dielectric function ε. The change ∆ε can be experimentally detected by the change of related optical properties: in this case, the change ∆R of the reflectance R. By recording the relative change ∆R/R, the spectra are independent of setup characteristics such as lamp spectrum or detector's spectral response. For the ER measurements, we integrated MAPbI 3 and Cs0.05 absorber layers into a commonly used layer stack consisting of FTO 36 /TiO 2 /perovskite/spiroOMeTAD 37 /gold. Figure 4 (a) shows an exemplary ER spectrum with the characteristic resonance feature at the optical transition energy which can be obtained by fitting suitable line shapes to the experimental data. For excitonic systems, a so-called "First-Derivative Functional Form" (FDFF) [38] [39] [40] is the appropriate choice which reproduces the measured data nicely as can be seen in Fig. 4(a) . Further details about other fitting methods and theoretical line shapes can be found in Refs. 34, 41, and 42.
If only a reliable determination of the energy position of the resonance is of interest, independent of any specific theoretical line shape assumptions, a transformation method based on KramersKronig relations can be utilized. 23, 24 The measured ∆R/R is considered as real part of a complex quantity M(E). By applying Kramers-Kronig relations, the imaginary part and, thereby, the modulus M(E) of M(E) can be calculated. This so-called modulus spectrum M(E) exhibits a peak-like line shape as illustrated in the inset of Fig. 4(a) . The resonance energy then corresponds to the energy position of the maximum which is independent of any theoretical line shape considerations and can be accurately determined. For semiconductors with pronounced excitonic properties such as organic-inorganic perovskites, the resonance energy is not identical to the bandgap, but rather to the discrete excitonic transitions corresponding to the blue curves in Fig. 1 . Further details can be found in Ref. 18 .
We performed temperature-dependent ER measurements from 5 K up to room temperature. The obtained resonance energies for MAPbI 3 and Cs0.05 are depicted in Fig. 4(b) . Similar to the bandgap behavior in Fig. 3(b) , the resonance energy for MAPbI 3 (black squares) exhibits a clearly visible jump of about 100 meV around the phase transition temperature of Tp ≈ 160 K from the orthorhombic to the tetragonal crystal phase. In comparison to this, the resonance energy of Cs0.05 (red symbols, triangles, and circles denote different samples) does not show any similar phase-transition related jump. Since ER spectroscopy directly and reliably yields the optical resonance energies in complete devices, we conclude that the orthorhombic-to-tetragonal phase transition is suppressed not only in thin-films on glass but also in complete Cs-containing multiple-cation perovskite solar cells. This might be also relevant for other types of applications such as lasers based on mixed perovskites. In order to confirm our spectroscopic results suggesting a suppressed phase transition in Cs0.05 also by structural characterization, we performed temperature-dependent X-ray powder diffraction measurements in the range of 10-300 K.
The results are summarized in Fig. 5 (green to red curves for increasing temperature). The patterns of the grease necessary for the measurements are plotted for comparison and can account, e.g., for the contribution around 13 ○ . Figure 5 (b) shows a shift of the perovskite reflex at around 14.2 ○ . With increasing temperature, the perovskite crystal lattice expands, resulting in a shift to lower diffraction angles of the corresponding reflexes. Despite the expected change in perovskite crystal lattice size, no phase-transition related change of the X-ray diffractogram was observed, as can be clearly seen in Fig. 5(a) , in comparison to MAPbI 3 and MAPbBr 3 (see Fig. 6 ). Therefore, these results confirm our experimental findings obtained by optical spectroscopy that possible crystal phase transitions are suppressed in the Cs0.05 perovskite for temperatures up to room temperature.
In summary, we have demonstrated the suppression of possible phase transitions in Cs-containing multiple-cation mixedhalide perovskites for temperatures T = 10-300 K by combining temperature-dependent absorption and electroreflectance spectroscopy as well as X-ray diffraction. Moreover, we determined the exciton binding energy EB of these compounds directly by a careful and detailed evaluation utilizing generalized Elliott fits and, additionally, by the so-called f-sum method. The obtained values for these compounds are even below the results for pure MAPbI 3 emphasizing their suitability for photovoltaic applications due to improved charge-carrier separation and collection. Temperature-dependent X-ray diffraction patterns were obtained similar to the Cs0.05 compound (presented in Fig. 5 ) also for pure MAPbI 3 and MAPbBr 3 . The resulting diffractogramms are summarized in Fig. 6 and exhibit clearly visible changes due to crystal phase transitions.
APPENDIX B: EXPERIMENTAL DETAILS

Electroreflectance spectroscopy
For the ER measurements, we used a 250 W halogen lamp followed by a 0.32 m focal-length monochromator with a 600 lines/mm grating for spectral filtering as tunable light source for the illumination of the sample. The reflected intensity R is recorded using a silicon photodetector connected to a Keithley multimeter. The sinusoidal AC bias [amplitude Vmax = ±(0.5-1.0) V, V DC = 0 V, frequency f = 990 Hz] for the modulation is provided by a function generator. The resulting change in reflection ∆R is measured using a lock-in amplifier. The detection can be realized at the fundamental frequency f or the second harmonic 2f.
Temperature-dependent x-ray powder diffraction
To prepare the powder for the XRD measurements, perovskite films were fabricated as thin films on glass and scraped off the glass afterwards. The obtained sample was prepared with grease between two foils. Measurements were performed on a Huber 
